Glyceollins are phytoalexins produced in soybeans under stressful growth conditions. Based on prior evaluations, they show potential to treat multiple diseases, including certain cancers, Type 2 diabetes and cardiovascular conditions. The aim of the present studies was to expand on recent studies designed to initially characterize the intestinal disposition of glyceollins. Specifically, studies were undertaken in Caco-2 cells to evaluate glyceollins' effects on apical efflux transporters, namely MRP2 and BCRP, which are the locus of several intestinal drug-drug and drug-food interactions. 5 (and 6)-Carboxy-2′,7′-dichloroflourescein (CDF) was used to provide a readout on MRP2 activity; whereas, BODIPY-prazosin, provided an indication of BCRP alteration. Glyceollins were shown to reverse MRP2-mediated CDF transport asymmetry in a concentration dependent manner, with activity similar to the MRP2 inhibitor, MK-571. Likewise, they demonstrated concentration dependent inhibition of BCRP-mediated efflux of BODIPYprazosin with a potency similar to that of Ko143. Glyceollin did not appreciably alter MRP2 or BCRP expression following 24 hours of continuous exposure. The possibility that glyceollinmediated inhibition of genistein metabolite efflux by either transporter was evaluated. However, results demonstrated an interaction at the level of glyceollin inhibition of genistein metabolism rather than inhibition of metabolite transport.
Introduction
Polyphenolic phytochemicals are produced in abundance in soy-beans, and are present in soy-derived food products (1) . Investigation of their potential to reduce the incidence and severity of a multitude of diseases associated with oxidative stress (cancer, cardiovascular, inflammatory, diabetes, and neurodegenerative), has created widespread interest in their intentional use to promote human health (2) . Associated with this effort, pharmacokinetic studies have revealed poor bioavailability of these phytochemicals due to extensive metabolism (3) . As an example, systematic investigations of genistein intestinal and hepatic disposition have revealed an elaborate integration of intestinal metabolism, and subsequent carrier-mediated apically-directed efflux of metabolites that severely limit genistein systemic bioavailability following oral ingestion (4) .
When soybeans are exposed to stressful conditions, such as fungal or bacterial pathogens, or UV light, they have been shown to produce glyceollins (5) . Initial studies of glyceollins' biological effects indicated that they were estrogen receptor antagonists (6) , exhibited antiproliferative effects in estrogen-dependent breast cancer cells (7) , and inhibited cell proliferation in mouse xenograft breast cancer models (8) . More recently, glyceollins demonstrated improvement in glucose homeostasis in response to a glucose challenge in a prediabetic rat model of type 2 diabetes (9) and lowered cholesterol in a hamster model of human cholesterol metabolism (10) . Overall, these pharmacologic effects have generated interest in the use of glyceollin-enriched soy as a nutri-pharmaceutical.
Previous studies designed to evaluate the transport and metabolism of glyceollins revealed high permeability in Caco-2, and metabolism primarily via direct glucuronidation and sulfation in Caco-2 (11) and in rats following oral administration (12) . These findings parallel those observed with other phytochemicals, for example with genistein (13) and resveratrol (14) . Glyceollins were also shown not to alter Pgp activity or induce Pgp expression in Caco-2 (11), thereby anticipating no alteration of the absorption of drugs or nutrients that are Pgp substrates. Two other ABC transporters in the small intestine that participate in the absorption of drugs and nutrients, and are implicated in drug-drug and drug-food interactions, are MRP2 (ABCC2) and BCRP (ABCG2) (15) . The purpose of the studies reported herein was to evaluate the potential for glyceollins to alter the function and expression of these two transporters, again using Caco-2 as an in vitro model of the small intestine. Results from these studies provided stimulus for an evaluation of the potential for glyceollins to alter genistein absorption; accordingly, an initial glyceollin-genistein interaction study was conducted in Caco-2.
glyceollin I (68%), glyceollin II (21%), and glyceollin III (11%). Hereafter, this mixture will be referred to as "glyceollin." Genistein was purchased from Indofine Chemical Company (Hillsborough, NJ). BODIPY-prazosin was purchased from Life Technologies, Grand Island, NY. MK-571, sodium salt, was purchased from AdipoGen, Inc. (San Diego, CA). Lucifer yellow (di-lithium salt) was purchased from ThermoFisher Scientific Co. (Waltham, MA). Except where noted in detail below, all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Methods
Cell Culture-Caco-2 cells were obtained from ATCC (Manassas, VA) at passage 27. Cells were maintained in stock cultures in Dulbecco's Modified Eagle's Medium (Life Technologies Inc.) supplemented with 10% fetal bovine serum (HyClone, Thermo Scientific), and 1% MEM non-essential amino acids, 1 mM sodium pyruvate, 2 mM Lglutamine and 1% antibiotic/antimycotic solution (Mediatech, Inc. Manassas, VA) at 37°C in a humidified incubator with 5% CO 2 . Stock cultures were fed 3-times per week and passed weekly. For CDF and BODIPY-prazosin uptake assays, cells were seeded at 2 × 10 5 cells/mL. For RT-qPCR and western blot analyses, cells were seeded onto 10 cm plates at a density of 2 × 10 5 cells/mL. Cells were seeded onto collagen coated 0.4 μm-PTFE Transwell-COL ® permeable supports (12 mm/12-well/1.12 cm 2 for CDF transport studies, or 24 mm/6-well/4.67 cm 2 for genistein absorption studies) at a seeding density of 1.2 × 10 5 cells/mL and cultured for 2.5 to 3.5 weeks before use. For all assays, cells were used between passages 35 -55.
Effects on CDF Transport and Uptake-The AB and BA directional transport of 5 μM CDF, an MRP2 and MRP3 substrate (16) , in the absence vs. presence of 10, 30 or 100 μM MK-571 (MRP2 inhibitor positive control (17)), or glyceollin was evaluated. A 5 mM stock solution of CDFA, the non-fluorescent di-acetate ester prodrug of CDF, was prepared in 1:1 DMSO:ethanol and diluted to 50 μM in pH 7.4 transport buffer (25 mM HEPES, 5 mM glucose, 1 mM NaH 2 PO 4 , 145 mM NaCl, 1 mM CaCl 2 , 0.5 mM MgCl 2 ). Prior to CDFA incubation, cells on Transwell-COL ® supports were washed twice with 37°C transport buffer, incubated for 30 minutes at 37° C with an inhibitor or, in the case of controls an equivalent concentration of co-solvent (0.1% DMSO/0.1% ethanol), on both sides of the filter, and their transepithelial electrical resistance (TEER) measured (EVOM 2 meter, World Precision Instruments, Sarasota, FL). Filters with TEER values < 200 Ohm-cm 2 were not used in an incubation. Following addition of CDFA to the donor compartment, filters were placed on an orbital shaker (150 rpm) set at 37° C. Receiver compartment samples (0.4 mL) were taken every 30 min with volume replacement for 120 minutes for analysis of cumulative CDF mass transport in either the apical to basolateral (AB) or basolateral to apical (BA) transport directions. Initial and final donor samples were taken for determination of mass balance, which was always > 95%. Chemical hydrolysis of CDFA to CDF at 37° C in the pH 7.4 transport buffer was determined to be < 1% in 120 minutes (details of methodology found below in Effects on CDFA hydrolysis by Caco-2 cells). Calculation of CDF permeability coefficient was based on the following equation, where P = permeability in cm/s, dm/dt is flux (the slope of the cumulative amount transported vs. time), A is the Transwell ® support surface area (1.12 cm 2 ) and C is the average of the initial and final donor concentrations (nmoles/mL) of CDF in the form of CDFA.
At the conclusion of the 2-hour incubation, cells were washed three times with 0.5 mL of cold transport buffer, after which 200 μL of methanol was added. After 15 minutes at room temperature, the methanol extract was centrifuged for 5 minutes at 4,000 rpm and the supernatant collected. CDF concentration in donor, receiver and cell extracts was based on fluorescence measured in a microplate fluorescence reader (Biotek Synergy 4, Winooski, VT) set at 485 nm/530 nm for excitation and emission wavelengths, respectively, with comparison to standards, which ranged from 7.8 to 1,000 nM with r 2 > 0.999. Estimation of the potency of the positive control, MK-571 and glyceollin to reduce the B/A ratio was evaluated using the following equation: Effect (E) = E 0 * 1 -C/(IC 50 + C), where E is the ratio normalized to that observed in the absence of either MK-571 or glyceollin (control value), E 0 is the ratio in the absence of either compound (100%), and IC 50 is the concentration (C) of MK-571 or glyceollin that reduces the ratio to 50%.
Net uptake of CDF following exposure to 5 μM CDFA into cells grown on 24-well plates was also used to determine if glyceollin altered MRP2 and/or MRP3 activity. Following a 30 min pre-incubation in the presence of a test compound, Caco-2 cells between 75 -95% confluency were exposed to CDFA for 30 minutes at 37° C. The concentration range of MK-571 and glyceollin was 1 to 100 μM. At the conclusion of an incubation, cells were washed 3 times in ice-cold transport buffer and then lysed in 0.1% triton X-100 (15 min at 37° C), centrifuged at 4,000 rpm for 5 minutes and the supernatant collected for analysis of CDF flouresence and protein content. Fluorescence was measured as described in the preceding transport experiments and was normalized to protein content based on the BCA protein assay (ThermoScientific). Bovine serum albumin was used as a reference protein and standards were prepared over the concentration range 50 to 1600 μg/mL (r 2 > 0.99 for the absorbance vs. albumin standard concentration relationship).
Effects on BODIPY-prazosin uptake-Uptake of BODIPY-prazosin, a BCRP substrate (18) into cells grown on 24-well plates was also used to determine glyceollin effects on BCRP. Following three washes with 37°C transport buffer and a subsequent 30 min preincubation in the presence of a test compound, Caco-2 cells between 80% -95% confluency were exposed to 5 μM CAM for 30 minutes at 37° C. The concentration range of the three compounds evaluated, Ko143, the positive control for BCRP inhibition (19) , glyceollin, and verapamil, a P-glycoprotein inhibitor (19) , was 1 to 100 μM. At the conclusion of the incubation, cells were washed 3 times in ice-cold transport buffer and then lysed in 0.1% triton X-100 (15 min at 37° C). Subsequently, fluorescence was measured in a microplate fluorescence reader at 485nm/530 nm (excitation/emission wavelengths). Measured fluorescence was normalized to protein content, as described for the CDF uptake experiments. For Ko143 and glyceollin, protein normalized net fluorescence as a function of compound concentration was fit to the following equation to estimate EC 50 (the concentration (C) of Ko143 or glyceollin that achieves 50% of the maximum effect), E max (the maximum estimated effect), and E 0 is the effect observed in the absence of compound, which was set to 100%: E = E 0 + E max * C/(EC 50 + C).
Alteration of MRP2 and BCRP mRNA Expression-Caco-2 cells were exposed to solvent (negative control, 0.1% DMSO/0.1% ethanol), 1, 10 or 100 μM glyceollin for 24 hrs at 80 -90% confluency. There were three wells for each treatment condition, and each condition was repeated a total of three times with cells from consecutive passage numbers 33 -35. Total RNA samples were collected using RNAeasy Plus kits (QIAGEN). Samples were stored at -70°C until time of analysis. The concentration of total RNA in the samples was measured by a ND-1000 NanoDrop ® spectrophotometer (ThermoScientific). The A260/ A280 purity of all samples was in the range of 2.0-2.1, and the A260/A230 ratio was 1.8-2.3. The integrity of all samples was confirmed by the Experion Automated Electrophoresis System (BioRad, Inc., Hercules, CA), with the 18S/28S ratio being higher than 1.6. Five μg of each RNA sample was reverse transcribed in a 20 μL reaction volume by a commercial first-strand cDNA synthesis kit (SABiosciences-QIAGEN). ABCC2 and ABCG2 primer, and those of three housekeeping genes: beta-2-microglobulin (B2M), hypoxanthine phosphoribosyltransferase (HPRT1) and ribosomal protein L13A (RPL13A) were purchased from SABiosciences-QIAGEN, as well as RT SYBR Green Fluor qPCR Mastermix. Two microliters (2 μL) of cDNA was used in 25 μL of qPCR reaction mix using a standard 2-step temperature protocol and a Bio-Rad iQ5 Thermocycler. Each 96-well plate contained nontemplate control, calibrator sample for each gene, and all experimental samples, which were each run in duplicate. Melting curve analysis was performed for each PCR plate. Delta delta C t method was used to calculate the fold change in MDR1 gene expression (20) .
Alteration of MRP2 and BCRP Expression by Western Blot Analysis-Caco-2 cells were seeded in 10 cm 2 plates at a density of 60 to 70% confluence. The cells were treated with the indicated concentrations for 24 hrs. The media was then removed and the cells were scraped into 1 mL of phosphate buffered saline (PBS) plus 3 mM EDTA. Cell suspensions were spun for five minutes at 2,000 × g and the supernatant was aspirated. Pellets were lysed by vortexing in 200 μL of M-PER mammalian protein extraction buffer (Pierce, cat. # 78501) containing protease and phosphatase inhibitors (Sigma, cat. #'s P1860-1ML, P0044, and P5726). The samples were then spun in a microcentrifuge for five minutes at 12,000 × g and the supernatants collected. Protein concentrations were determined using a nanodrop spectrophotometer (Thermo Life Sciences) and 100 μg of total protein was loaded into each well and run on a 4 to 12% polyacrylamide gel (Life Technologies). Subsequently, gels were blotted onto nitrocellulose using the iblot transfer system (Life Technologies). Blots were blocked for one hour at room temperature in 1 × PBST (PBS with tween 20, Cell Signaling, Danvers, MA) containing 5% non-fat milk, washed in 1 × PBST and incubated overnight at 4°C in 5 mL of primary antibody (M2III-6 for MRP2, Covance, Dedham, MA, and BXP-21 for BCRP, Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:500 dilution in 5% BSA/PBST (Sigma cat # A7906-1 KG). Blots were then washed in 1 × PBST and incubated with fluorescently-labeled secondary antibodies (Alexa-Fluor 488, Life Technologies) for 60 minutes at room temperature. The blots were then washed in 1 × PBST and scanned using a Versadoc 4000 scanner and (BioRad, Hercules, CA). Bands were quantified using Quantity One software (BioRad, Hercules, CA) and normalized to bands corresponding to the housekeeping Rho-GDI protein. Three independent samples were prepared for each treatment condition.
Alteration of MRP2 and BCRP Function-Caco-2 cells grown on Transwell ® permeable supports for 24 days were exposed to 1, 10 or 100 μM glyceollin for 24 hours to determine if such exposure altered MRP2 activity. After 24 hours, both sides of the filters were washed 3 times with 37°C transport buffer. Potential effects on MRP2 activity were then measured using the CDF assay described above with comparison to CDF permeability in control incubations. CDF permeability was measured in the BA direction only, on the basis of the greater sensitivity of MK-571 mediated inhibition of permeability in this direction observed in the MRP2 inhibition assay. This approach was used previously to measure alteration of Pgp activity in Caco-2 cells (11) . With respect to assessment of BCRP function, Caco-2 cells were grown on 24-well plates for 2 days, at which time they were 80 -95% confluent. Subsequently, they were exposed to 1, 10 or 100 μM glyceollin for 24 hours. Following this exposure, cells were washed with 37° C transport buffer and then subjected to the BODIPY-prazosin uptake assay described previously.
Genistein Transport and Metabolism-50 mM stock solutions of genistein or glyceollin were prepared in equal volumes of DMSO and ethanol, and subsequently diluted to 2 μM (genistein) or 30 μM (glyceollin) in pH 7.4 transport buffer. Prior to genistein and glyceollin exposure, cells were washed twice with 37°C transport buffer, incubated for 30 minutes at 37° C. Apical side volume was 1.5 mL and basolateral side volume was 2.6 mL. Following addition of genistein without (control) vs. with 30 μM glyceollin to the donor compartment, filters were placed on an orbital shaker (150 rpm) set at 37° C. Final DMSO and ethanol concentrations in controls and glyceollin-present incubations were 0.03% (v/v). Donor and receiver compartment samples (0.5 mL) were taken initially, and every 60 min thereafter for a total of five samples. An equivalent volume of either genistein solution (donor side) or blank transport buffer (receiver side) was added after each sample to maintain a constant volume. All samples were stored at -80° C until time of analysis. At the end of the incubation, cells were harvested for determination of intracellular genistein. Accordingly, cells on filters were washed three times with 1 mL of 4°C HEPES transport buffer and removed from the Transwell ® filter cup apparatus and transferred to a blank 6-well culture plate to which subsequently 0.5 mL of methanol was added. After 30 minutes at room temperature, filters were stored at -80 °C until time of analysis. On the day of analysis, filters were thawed and the methanol evaporated using a dry-heat oven set at 37°C. Subsequently, 0.5 mL of internal standard solution (2.0 μM prazosin in HEPES transport buffer) was added to all samples and standards. After 30 minutes at 37°C, samples were transferred to microcentrifuge tubes and centrifuged at room temperature for 5 minutes at 4,000 rpm.
Genistein concentration in all samples (donors, receivers and cells) was measured using HPLC with UV detection at 259 nm. A Waters 600 controller equipped with a 717 plus autosampler and 996 photodiode array detector were used (Waters Corporation, Milford, MA). A gradient-based separation was performed on Waters X-Bridge C18 column (2.1 × 100 mm, 5 μm particle size). Mobile phase A was 10 mM potassium phosphate, pH 2.7:acetonitrile:methanol in the ratio of 8:1:1. Mobile phase B was methanol:water in the ratio of 9:1. The gradient elution profile consisted of mobile phase A: mobile phase B of 90%:10% from 0 -4 minutes; 50%:50% from 4 -5 minutes; 10%:90% from 5 -8 minutes; 50%:50% from 8 -10 minutes; and return to initial conditions (90%:10%) for 2 minutes prior to the next injection. Column temperature was 30°C and flow rate was 0.4 mL/min. Standards were prepared fresh for each run and ranged from 0.1 to 1.6 μM for donor and receiver compartment samples, and from 8 to 12.8 nM for cell extract samples. For all samples and standards, 2 × 200 μL aliquots were transferred to separate HPLC vials. To each aliquot, 300 μL of 50 mM sodium phosphate buffer, pH 6 was added and incubated for 3 hours at 37°C. For one of the aliquots, the buffer contained glucuronidase/sulfatase from H. pomatia (β-glucuronidase Type HP-2, Sigma-Aldrich) at a final concentration of 50,000 units/mL of β-glucuronidase and 3750 units/mL of sulfatase. The difference in genistein concentration between the two aliquots was taken to represent total glucuronide and sulfate conjugates concentration in a sample.
Essentially the same equation as described for the CDF transport studies was used to calculate genistein aglycone absorptive permeability. The fraction of genistein metabolized (F m ) was calculated using the following equation, where total genistein is the sum of the amounts of genistein aglycone and conjugates measured in donor, receiver and cells at the end of the 4-hour incubation (samples incubated with H. pomatia), and genistein aglycone is the sum of the amount of aglycone measured in donor, receiver and cells at the end of the incubation:
Excretion clearance of the conjugate metabolites into the apical and basolateral compartments was calculated using the following equation, where J met represents metabolite excretion rate (nmoles/sec), A cell represents the amount (nmoles) of conjugates in the cells (A cell,total genistein -A cell,aglycone ), and V monolayer represents the volume (mL) of cells on a filter. The monolayer volume was calculated as the product of the height of a typical Caco-2 cell (25 μm) and Transwell ® insert surface area (4.67 cm 2 ):
Data Analysis-IC50 estimates for alteration of CDF permeability, or EC 50 estimates for alteration of BODIPY-prazosin uptake, were calculated using Phoenix WinNonlin 6.3 (Pharsight Corporation, Mountain View, CA). Statistical analyses were conducted using GraphPad Prism (Prism 6 for Windows, GraphPad Software, Inc., La Jolla, CA). Results are expressed as mean ± standard error of the mean (SEM). An unpaired two-tailed Student's ttest was used to compare two means. One-way analysis of variance followed by, if appropriate, multiple comparison testing (Tukey's) were used to determine if there was statistically significant differences (defined as p < 0.05) between multiple groups in an experiment.
Results

Effects on MRP2 Activity
In transport experiments conducted with Caco-2 cells grown on Transwell ® supports, under control conditions, CDF permeability was on average 3.7 ± 0.36 fold greater in the BA direction vs. the AB direction ( Figure 1A ). As shown in Figure 1A , this BA/AB permeability ratio was significantly reduced (p < 0.05) when both sides of the filters were exposed to MK-571 (100 μM), an MRP2 inhibitor (17), 30 minutes prior to and during the 120 minute incubation, but were not altered in the presence of the same concentration of verapamil, a Pgp inhibitor (19) , in which the ratio was 3.6 (from a single experiment with n = 3 filters in each transport direction). In the case of 100 μM glyceollin, the ratio was reduced to a similar extent as was observed with MK-571 (0.9 ± 0.10 and 0.8 ± 0.16, respectively). For both compounds, the cause of the reduced ratio was a statistically significant increase in AB directional transport coupled with a statistically significant reduction in BA directional transport ( Figure 1B) .
Evaluation of the effect of concentration of MK-571 and glyceollin on CDF BA/AB permeability ratio (Figure 2 ) resulted in IC 50 estimates of 22 μM (CV = 0.09%) and 53 μM (CV = 0.22%), respectively, indicating a potency of glyceollin to reduce CDF directional transport within 3-fold of MK-571.
Results of studies designed to evaluate concentration dependent uptake of CDF into Caco-2 cells grown on plastic when exposed 30 minutes to 5 μM CDFA are summarized in Figure  3A . CDF permeability results for MK-571 and glyceollin (Figures 1 and 2 ) provided an expectation that uptake would have increased as a result of either compound inhibiting MRP2-mediated efflux of CDF; however, this was clearly not the case. In fact, just the opposite was observed for both compounds, there being a significant reduction in uptake at 100 μM. Evaluation of CDFA hydrolysis by Caco-2 cells indicated that the presence of 100 μM MK-571 or glyceollin did not alter the rate of esterase-mediated conversion to CDF ( Figure 3B ).
Effects on BCRP Activity
Glyceollin effects on BCRP activity were examined by evaluating the ability to alter BODIPY-prazosin uptake following a 30 minute incubation with 5 μM of this fluorescent BCRP substrate. Results of these uptake evaluations are summarized in Figure 4 . Both Ko143 and glyceollin exposure resulted in concentration-dependent enhanced uptake of BODIPY-prazosin. As summarized in the accompanying table, the potency of glyceollin to produce this inhibitory effect on BODIPY-prazosin efflux by BCRP was similar to that of Ko143.
Alteration of MRP2 and BCRP mRNA, protein and functional expression
The effect of glyceollin exposure time and concentration on Caco-2 viability was reported in a previous study (11) , and demonstrated that cell viability was not altered following 24 hours of exposure to 100 μM glyceollin; however, exposure for 72 hours at this concentration resulted in appreciable loss of cell viability. Based on these findings, the effects of glyceollin exposure for 24 hours at 1, 10 and 100 μM on mRNA and protein levels of MRP2 and BCRP were determined. In addition, the effects of these concentrations on CDF permeability in the BA direction, and on BODIPY-prazosin uptake were also evaluated. The results of these studies are summarized in Figure 5 .
With respect to ABCC2/MRP2, exposure to glyceollin reduced ABCC2 mRNA expression at 100 μM to 38% of control, and to 47% of control with respect to MRP2 specific protein expression. Functionally, CDF BA directional permeability following 24 hours of exposure to 100 μM glyceollin was reduced to 73% of control.
With respect to ABCG2/BCRP, exposure to glyceollin up 100 μM glyceollin for 24 hours did not alter mRNA or protein expression. At 100 μM glyceollin, BODIPY-prazosin uptake was increased by 47% relative to control (p < 0.05), indicative of a decline in BCRP function, but much smaller than the change observed when uptake was measured in the presence of this concentration (433% on average, Figure 4 ).
Influence of glyceollin on genistein disposition in Caco-2
As summarized in Table 1 , absorptive (AB) directional permeability of 2 μM genistein was 1.3 ± 0.30 × 10 -5 cm/s. In the presence of 30 μM glyceollin, genistein permeability increased to 2.2 ± 0.06 × 10 -5 cm/s (a 69% increase over control). These results are the averages of two separate experiments, each with n = 3 filters for both control and 30 μM glyceollin conditions. The results suggest that glyceollin enhanced genistein aglycone permeability; however, some of this enhancement may have been due to glyceollin non specific increase in Caco-2 permeability, as in companion experiments, lucifer yellow permeability increased from 0.13 ± 0.035 × 10 -5 cm/s to 0.59 ± 0.021 × 10 -5 cm/s in the presence of 50 μM glyceollin.
Measurement of genistein concentration in apical, basolateral and cell compartments before and after incubation of samples with β-glucuronidase and sulfatase to convert conjugate metabolites back to the aglycone provided a measure of glyceollin's effects on genistein conjugative metabolism in Caco-2. In the absence of glyceollin, the fraction of genistein metabolized (F m in Table 1 ) to these conjugates was on average 47% ± 10.5%. In the presence of glyceollin, F m was reduced to 3% ± 0.7% in Experiment 1 and to 23% ± 1.1% in Experiment 2 (p < 0.05 for both experiments). In the absence of glyceollin, total genistein recovery was 83% and 99% in the two experiments. In the presence of glyceollin, this recovery was 89% and 90% respectively for the two experiments. In both cases (Control and Glyceollin treatments), recoveries around 90% indicate that the majority of genistein metabolism was accounted for by conjugation (Figure 6 ), which is a finding reported by others (22) . In control incubations, conjugate metabolite excretion rates (J met ) into the apical compartment were on average 2.8-fold higher compared to rates into the basolateral compartment ( Table 1) . The difference was statistically significant in both experiments (p < 0.05, two-way ANOVA followed by Tukey's test for multiple comparisons), and is consistent with the reported preferential apical excretion of genistein sulfate conjugates in Caco-2, which were shown to be more abundant relative to the glucuronide metabolites (22) . In the presence of glyceollin, apical metabolite excretion rate was significantly reduced relative to the control: 6.5 ± 0.61 × 10 -5 nmoles/sec from Experiment 2 (n = 3) vs 10.5 ± 0.93 × 10 -5 nmoles/sec in controls (n = 6). These metabolite excretion data are also summarized in Figure 7 . Metabolite excretion could not be reliably determined in Experiment 1 in the presence of glyceollin, due to the lower level of metabolism observed in this experiment, and which resulted in metabolite levels below the quantitation limit (0.1 μM). Statistical analysis indicated no difference in metabolite excretion data for the controls between the two experiments. Given that glyceollin inhibited conjugative metabolism of genistein in these experiments, intracellular conjugates were lower in the glyceollin treated condition: 9 ± 2.7 pmoles/filter (n = 3, Experiment 2), versus 31 ± 1.2 pmoles/filter for controls (n = 6). Correcting the apical excretion rates for this difference, resulted in an apical excretion clearance that was higher in the presence of glyceollin (Table 1) . Basolateral conjugate excretion clearance was not different between the Control and Glyceollin treatments.
Discussion
Research aimed at understanding the intestinal transport and metabolism of dietary phytochemicals is driven by the desire to maximize their health benefits. Glyceollin, a soyderived phytoalexin, has demonstrated pre-clinical effects in vitro and in animal models of breast cancer (8) , diabetes (9) , and hypercholesterolemia (10) . Glyceollin was shown to be highly permeable across Caco-2 monolayers, and to be directly metabolized to sulfate and glucuronide conjugates in this intestinal model system (11) , and in rat plasma and feces (12) . These findings are similar to those reported for another soy-derived phytochemical, genistein (3, (22) (23) (24) (25) (26) , which is understood to have poor systemic availability as a result of primarily glucuronidation and sulfation.
In addition to understanding the intestinal pharmacokinetics of phytochemicals, studies have also been conducted to understand the effects these agents may have on intestinal epithelial physiology, and their potential to alter the intestinal disposition of other phytochemicals or drugs (15) . There are several studies reporting the effects of genistein in this regard (27) (28) (29) . Glyceollin was found to have no effect on Pgp activity, or to induce or repress Pgp expression following 24 hours of exposure to concentrations up to 100 μM in Caco-2 (11). The objective of the studies conducted in the present report was to expand evaluation of glyceollin's potential to alter intestinal transporter activity and expression, specifically on the two other major apically expressed efflux transporters in the intestine: ABCC2 (MRP2) and ABCG2 (BCRP).
CDF is an established MRP2 and MRP3 substrate (16) . However, it is also an OATP substrate, and may be a specific substrate of OATP2B1 that is expressed on intestinal brush border membranes, including Caco-2 cells (30) . In order to isolate it as a MRP2/3 probe substrate, its di-acetate ester prodrug, CDFA, which is permeable via passive diffusion (16) , can be used. Subsequent hydrolysis by cellular esterases converts the non-fluorescent CDFA to the fluorescent MRP2/3 probe substrate. Existence of a 3.7-fold asymmetry in BA relative to AB permeability, indicates that MRP2-mediated CDF efflux on the apical side was more influential than MRP3-mediated efflux on the basolateral side in determining net CDF transport in control experiments. Similar asymmetry in CDF cell concentration measured at the conclusion of the 2-hour transport experiment was also observed ( Figure 1C ). In the presence of 100 μM MK-571, a selective MRP1/2 inhibitor (17), or the same concentration of glyceollin, net secretory CDF directional permeability was lost as a result of an increase in AB permeability concomitant with a decrease in BA permeability. Importantly, control studies indicated that neither MK-571 nor glyceollin altered the rate of CDFA hydrolysis by Caco-2 cells ( Figure 3B ). Connecting these results with the changes in directional permeability, confirms that MK-571 is an MRP2 inhibitor in these studies, and by extension support that glyceollin inhibited MRP2.
CDF cell concentration measured at the conclusion of the 2-hour incubation was reduced in the presence of MK-571 in both transport directions. Reduction in cell concentration in the AB direction, within the context of enhanced permeability in this direction, is consistent with enhanced MRP3 function when MRP2 is inhibited, as reported to occur in hepatocytes (16) . Consistent with this interpretation, CDF retention in 30 minute uptake studies was reduced in the presence of 100 μM MK-571 relative to control ( Figure 3A ). In the case of glyceollin, patterns of alteration in CDF cell concentration in the presence of 100 μM glyceollin in the transport studies (Figure 1) , and CDF retention in uptake studies ( Figure  3A) were similar to those observed with MK-571, suggesting that glyceollin inhibits MRP2, and not MRP3. As shown in Figure 2 , both MK-571 and glyceollin altered CDF directional permeability in a concentration dependent manner. Estimated potency of this presumed MRP2 inhibition was similar for the two compounds.
BODIPY-prazosin uptake studies demonstrated that glyceollin promoted retention of this BCRP substrate in a concentration dependent manner, with an EC 50 similar to the known BCRP inhibitor, Ko143 (19) . In contrast to these similar effects, verapamil, a well-known Pgp inhibitor, had no effect, thus supporting that BODIPY-prazosin uptake was specific for BCRP.
In addition to comparing the effects of glyceollin on MRP2 and BCRP function in real time, comparison was also made of their ability to induce the expression of these two efflux transporters. A very modest concentration-related decrease in MRP2 mRNA, protein and function was observed at following 24 hours of exposure to 100 μM glyceollin, the highest concentration tested. Effects of glyceollin on BCRP mRNA and protein expression were absent over the 1 to 100 μM range, and a slight increase in BODIPY-prazosin uptake, indicative of reduced BCRP function, was observed. Overall, similar to our previous findings with Pgp (11) , glyceollin does not appear to induce the expression of key intestinal efflux transporters in an in vitro model of the human small intestine.
Several studies evaluating genistein intestinal disposition, including in Caco-2, have determined that it is metabolized primarily to sulfate and glucuronide conjugates, and that these conjugates are substrates for MRP2 and BCRP (22) (23) (24) (25) (26) . Based on findings reported herein, that glyceollin inhibited both transporters, and that genistein and glyceollin could be co-administered in a soy-derived product, a preliminary evaluation of the potential for glyceollin to alter genistein metabolite disposition in Caco-2 was made. Specifically, it was hypothesized that glyceollin could enhance the transcellular absorption of the metabolites by inhibiting their apical excretion, and possibly even enhancing their basolateral efflux, thereby increasing systemic delivery of total genistein, and subsequently exposure to the biologically active aglycone due to post-absorptive reconversion (14) . Importantly, this hypothesis of a pharmacokinetic interaction resulting in enhanced genistein biological potency stands separate from the reported in vivo effects of glyceollin administered apart from genistein (9) (10) , and provides an alternative explanation vis-à-vis a glyceollin-direct effect regarding altered transcriptional profiles in monkeys fed a glyceollin-soy diet vs. a soy diet alone (31) . In addition to applying to genistein intestinal disposition, this type of pharmacokinetic interaction has been suggested recently for luteolin (32) and for (-)-epicatechin (33) . To initially test this hypothesis for glyceollin-mediated alteration of genistein metabolite disposition, absorptive transport of 2 μM genistein was evaluated in order to be consistent with a reported study also conducted in Caco-2 at this concentration, which demonstrated that 1) the apical excretion of several genistein conjugates was reduced, and 2) the basolateral excretion of these metabolites was enhanced in the presence of the BCRP inhibitor, Ko143 (19) . The concentration of glyceollin was 30 μM, and chosen since this was similar to the IC 50 for inhibition of MRP-2 mediated CDF transport (Figure 2 ), as well as to the EC 50 for the glyceollin effect on BCRP-mediated uptake of BODIPY-prazosin ( Figure 4) . The principal finding in these studies, aside from replicating in the Control the asymmetric (predominantly apical) excretion of the metabolites observed in the Yang et al study (22) , was that glyceollin reduced genistein conjugative metabolism to an average of 13% compared to 47% observed in controls (Table 1) . Associated with this reduction, genistein permeability was enhanced. This finding is similar to luteolin and querceitin inhibition of (-)-epicatechin metabolism in Caco-2, and implicated increased transport of the parent polyphenol (33) . Based on our previous work demonstrating that both glucuronidation and sulfation of glyceollin are primary metabolic routes in rats (12) and in Caco-2 (11), this metabolic interaction is not unexpected. Further studies will be needed to determine the mechanism and potency of glyceollin inhibition of genistein conjugation in intestinal tissue, and if this in vitro effect of enhanced genistein transport translates to whole animals.
Although apical metabolite excretion rate was reduced in the presence glyceollin ( Figure 7 and Table 1 ), which is consistent with the hypothesis of glyceollin inhibition of metabolite efflux via MRP2 and/or BCRP, this difference was actually reversed upon correcting for the lower intracellular genistein conjugate concentrations observed in the Glyceollin condition. With respect to basolateral metabolite excretion rate and clearance, there was no evidence that glyceollin enhanced basolateral delivery of metabolites, in contrast to what was observed in the Yang, et. al. study via Ko143-mediated inhibition of BCRP (22) . As stated, this genistein/glyceollin interaction evaluation in Caco-2 was an initial study to determine the potential for glyceollin to increase the bioavailability of genistein through a transportermediated interaction. Clearly more studies (such as in situ intestinal perfusion and in vivo exposure), and analytical methods that detect individual conjugates, which may have different transport characterisitcs (22, (32) (33) , are needed to determine if glyceollin can positively influence genistein intestinal absorption and systemic bioavailability, and, if so, the relative contributions of altered metabolism and metabolite transport.
In conclusion, glyceollin demonstrated strong evidence of inhibition of both MRP2 and BCRP in Caco-2; whereas, there was little to no alteration in the expression of these two ABC transporters following 24 hours of exposure up to 100 μM. Evaluation of the potential for glyceollin to improve total genistein transport (aglycone + conjugative metabolites) through a transport-mediated interaction actually revealed a metabolic interaction, via presumptively glyceollin inhibition of genistein metabolism, and which appeared to translate to improved transport of genistein aglycone. Influence of compound concentration on CDF permeability in Caco-2. MK-571 and glyceollin concentration effects on BA/AB fractional permeability ratio are presented relative to control (0 μM compound, Ratio = 1.0). There were three filters in each transport direction at each concentration. Influence of glyceollin exposure on ABCC2 (left panel) and ABCG2 (right panel) mRNA (top row) and protein (middle row) expression, and on MRP2-mediated CDF BA permeability (bottom left) or BCRP-mediated BODIPY-prazosin uptake (bottom right) in Caco-2. For mRNA and protein studies, cells were exposed to the indicated concentrations for 24 hours before analysis. For CDF permeability, cells grown on filters for 3 weeks and subsequently exposed to the indicated concentrations for 24 hours were used. For mRNA and protein, bar height represents the mean % of control from 3 experiments (individual points) with each point representing the average of four replicates. For CDF permeability, n = 3 for each concentration. For BODIPY-prazosin, n = 4 for each concentration. "*" represents significantly different from control (p < 0.05). Genistein conjugate metabolite excretion. Average cumulative amount of conjugate metabolite observed in apical (donor) and basolateral (receiver) compartments in the absence (Control) or presence of 30 μM glyceollin on the donor side. N = 6 for Controls and n = 3 for Glyceollin (2 nd experiment only). Table 1 Genistein absorptive permeability and fraction metabolized (F m ) estimates, and conjugate metabolite excretion parameters. 
